We have employed Arabidopsis thaliana as a model host plant to genetically dissect the molecular pathways leading to disease resistance. A. thaliana accession Col-0 is susceptible to the bacterial pathogen Pseudomonas syringae pv. tomato strain DC3000 but resistant in a race-specific manner to DC3000 carrying any one of the cloned avirulence genes avrB, avrRpml, avrRpt2, and avrPph3. Fast-neutron-mutagenized Col-0 M2 seed was screened to identify mutants susceptible to DC3000(avrB). Disease assays and analysis ofin planta bacterial growth identified one mutant, ndrl-l (nonrace-specific disease resistance), that was susceptible to DC3000 expressing any one of the four avirulence genes tested. Interestingly, a hypersensitive-like response was still induced by several of the strains. The ndrl-l mutation also rendered the plant susceptible to several avirulent isolates of the fungal pathogen Peronospora parasitica. Genetic analysis of ndrl-1 demonstrated that the mutation segregated as a single recessive locus; located on chromosome III. Characterization of the ndrl-1 mutation suggests that a common step exists in pathways of resistance to two unrelated pathogens.
Genetic studies of plant hosts and their pathogens have revealed that race-specific disease resistance is often controlled by corresponding single genetic loci in the two interacting partners (1, 2) . Absence or inactivation of either gene member results in host susceptibility. Although the phenotype of resistance in the plant host may vary depending on the particular host species and pathogen involved, resistance is often correlated with a rapid localized necrosis called the hypersensitive response (HR) (3) . Several events are associated with the HR, including the accumulation of pathogenesisrelated (PR) proteins, production of antimicrobial compounds (phytoalexins), oxidative burst, ion fluxes, and cell wall strengthening (4, 5) . It is not clear which of these responses are required for the limitation of pathogen growth.
Progress in understanding the molecular events controlling the specificity of plant disease resistance has been greatly advanced by the molecular cloning of avirulence genes from the pathogen and the corresponding resistance genes from the host (2, (6) (7) (8) (9) (10) (11) . The recent cloning of several race-specific resistance genes from plants has revealed possible mechanisms used for successful plant defense. The gene product of the tomato gene PTO, conferring race-specific resistance to Pseudomonas syringae pv. tomato (Pst), has homology to protein-serine/threonine kinases from various plants, suggesting that protein phosphorylation is involved in the signal transduction pathway leading to the resistance response (7) . The predicted proteins of resistance genes RPS2 from Arabidopsis thaliana (8, 9) , N from tobacco (10) , and Cf-9 from tomato (11) all have leucine-rich repeat regions, which are implicated in protein-protein interactions (reviewed in ref. 12 ). Sequence
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homology between RPS2 and N, which confer resistance to a bacterial and a viral pathogen, respectively, suggests that mechanisms of resistance are conserved among different plant species and in response to vastly different types of pathogens. It is probable that one or more biochemical steps are common to signal transduction pathways initiated by different pathogen species and races within a species.
The interactions between A. thaliana and the pathogens Pseudomonas syringae (a bacterial pathogen) and Peronospora parasitica (a fungal pathogen) have been used as model systems to dissect the molecular pathways leading to disease resistance (reviewed in refs. 13 and 14) . We have used the interaction between A. thaliana and Pst to identify a locus in A. thaliana putatively involved in a shared pathway for disease resistance. We describe here the characterization of this locus, designated NDRJ (for non-race-specific disease resistance), which is required for resistance not only to Pst expressing any one of several cloned avirulence genes but also to various races of P.
parasitica.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Media. Pst strain DC3000 and Pseudomonas syringae pv. glycinea (Psg) race 5 strain were kindly provided by D. Cuppels (Agriculture Canada, London Research Centre, London, ON Canada) and N. Keen (University of California, Riverside), respectively. Escherichia coli strain DH5a (Bethesda Research Laboratories) was used for cloning procedures. Pseudomonas and E. coli strains were cultured as described (15) . Antibiotics (Sigma) were used for selection at the following concentrations: rifampicin, 100 ,ug/ml; kanamycin, 25 j,g/ml; tetracycline, 15 ,ug/ml; cycloheximide, 50 ,ug/ml. Plasmid pV288 (16) carried avrRpt2 (15, 17) , pVB01 (this study) carried avrB (18) , pVARM (this study) carried avrRpml (19) , and pPPY424 carried avrPph3 (20) . All plasmids were constructed from the broad-host-range, stable vector pVSP61 (W. Tucker, DNA Plant Technology, Oakland, CA), except pPPY424, which was constructed from pLAFR3 (18 Fungal Inoculations. The cotyledon assay used for inoculations with P. parasitica was described previously (14, 23) . All P. parasitica isolates were derived from oospores obtained from wild populations of A. thaliana. They were derived in each case from infection of an individual seedling by what was assumed 'to be a single oospore. The isolates Cala2, Emoy2, Emwal, Hiksl, and Noksl were described previously (14) . CandS was derived from the same oospore inoculum as Cala2, and Maks9 was derived from oospore inoculum collected from a household garden in Maidstone, Kent, U.K. Strain P-006 was described previously (24) .
Genetic Analysis. Crosses were performed by handemasculating flowers before anther dehiscence and brushing donor pollen over the carpels. F2 progeny were allowed to self-fertilize and the seeds were harvested from individual F2 plants forming F3 
RESULTS
Identification of a Mutant Altered in Resistance to Pst. The A. thaliana accession Col-0 is susceptible to Pst strain DC3000 but resistant to DC3000 expressing any one of the avirulence genes avrB, avrRpml, avrRpt2, and avrPph3. Approximately 1500 M2 plants from fast-neutron-mutagenized seeds were screened for disease susceptibility by immersion inoculation with DC3000(avrB). Analysis of the self-progeny of one putative mutant demonstrated that its susceptible phenotype was heritable. M3 progeny of the mutant also were inoculated with DC3000 carrying avrRpml, avrRpt2, avrPph3, or the empty vector (pVSP61) by pipet infiltration and immersion inoculation. Four to 5 days after inoculation, the mutant plants developed watersoaked lesions surrounded by chlorosis in response to all of the strains (Fig. 1A) . Wild-type Col-0 plants were susceptible only to DC3000(pVSP61). The mutant appeared to harbor a lesion in a locus required for a common resistance pathway associated with four different avirulence genes. We have designated the locus NDRJ, for non-racespecific disease resistance, and the mutant allele as ndrl-1.
Interestingly, immersion-inoculated ndrl-J plants exhibited atypical symptoms in addition to disease lesions in response to DC3000(avrRpml), DC3000(avrB), and DC3000(avrPph3). Outer, older leaves of ndrl-1 plants inoculated with these three strains developed large necrotic patches, and inner leaves developed small, dry, necrotic spots (Fig. 1B) . The necrotic patches were largest and most numerous with DC3000-(avrRpml). The watersoaked lesions caused by these strains on ndrl-l plants were fewer in number than those caused by DC3000(pVSP61). Wild-type Col-0 plants did not exhibit the necrotic symptoms (Fig. 1C) , nor did ndrl-1 plants challenged with DC3000(avrRpt2) or DC3000(pVSP61).
Bacterial Growth in Planta. One crucial characteristic of resistant plants is the ability to restrict the in planta growth of avirulent bacteria. To quantify the effect of the ndrl-l mutation on bacterial growth, we monitored the growth of DC3000(avrB), DC3000(avrRpml), and DC3000(avrRpt2) in leaves of intact plants and compared it with the growth of DC3000 harboring the empty vector, pVSP61 (Fig. 2) . In wild-type Col-0 plants 4 days after inoculation, the population of DC3000(pVSP61) was 15-to 100-fold greater than that of DC3000 harboring any one of the three cloned avirulence genes tested. The ndrl-l plants, however, supported susceptible levels of DC3000 regardless of whether or not a cloned avirulence gene was present. Interestingly, in approximately half of the independent experiments, DC3000 grew to slightly higher levels in ndrl-l plants than in wild-type Col-0 plants, demonstrating a possible increased susceptibility to DC3000 in the ndrl-l plants.
Induction of a HR-Like Response in ndrl-l Plants. In resistant A. thaliana accessions, a visible HR usually occurs 18-24 hr after leaves are pipet-infiltrated with a suspension of avirulent bacteria at a concentration of 107 cfu/ml or higher (15) . To determine whether the ndrl-l mutation, which rendered the plant susceptible as shown by disease assays, also abolished the HR, leaves of wild-type and ndrl-l plants were pipet-infiltrated with bacterial suspensions of -2 x 107 cfu/ml and scored for tissue collapse 1 day after infiltration (Table 1) . Surprisingly, the ndrl-l mutation appeared to alter the plant's HR only to DC3000(avrRpt2). DC3000 expressing avrRpml, Concentrations of bacteria in leaves were assayed 0, 2, and 4 days after inoculation. DC3000 not expressing a cloned avirulence gene carried the empty vector, pVSP61. Data represent the mean SD of triplicate samples. DC3000(avrB) and DC3000(avrRpml) (A) were assayed in separate experiments from DC3000(avrRpt2) (B); results cannot be directly compared. Experiments were done at least three times for each avirulence gene tested, with similar results. Aside from the timing of the response, a HR and a susceptible reaction can look very similar by pipet infiltration on A. thaliana. We therefore suspected that the tissue collapse was due to enhanced susceptibility of the mutant to the specific strains, and not an actual HR. To test this possibility, a Psg race 5 strain was used for similar inoculations to assess the HR. Psg causes neither disease symptoms nor a HR on A. thaliana. However, Psg expressing a cloned avirulence gene that is recognized by A. thaliana will generally cause a HR on accessions with the corresponding resistance gene (32 Isolates. To ascertain whether the ndrl-l mutation altered the plant's resistance to pathogens other than bacteria, the mutant was tested for response to isolates of the fungal pathogen P. parasitica. The interaction between P. parasitica and A. thaliana has recently become an important model for investigating the molecular basis and evolution of genotype specificity of plant defense (14, (33) (34) (35) .
In this study, cotyledons of ndrl-l and wild-type Col-0 plants were inoculated with eight isolates of P. parasitica and compared quantitatively for asexual sporulation based on the number of sporangiophores produced on host tissue. The isolates were either virulent (Maks9 and Noksl) or avirulent (Cala2, Emoy2, Emwal, Cand5, and Hiksl) on wild-type Col-0. A statistically significant increase in sporulation by each of the avirulent isolates was observed on ndrl-l compared with wild-type ( Table 2 ). An avirulent isolate obtained from Brassica oleracea (P-006) was also included in the experiment and exhibited no sporulation on either ndrl-l or wild-type Col-0 plants.
Genetic Analysis. To determine the genetic basis for susceptibility in the mutant line, ndrl-l plants were crossed to the following lines: Col-0 gll, a morphologically marked line that lacks trichomes (36); Bla-2, an accession with a recessive allele at the RPS3/RPMI locus rendering it susceptible to DC3000-(avrB) and DC3000(avrRpml) (32) ; and Ler-0, an accession resistant to DC3000(avrB), DC3000(avrRpml), and DC3000-(avrRpt2). F1 plants were assayed for disease resistance by pipet infiltration and F2 plants were evaluated by immersion inoculation. F1 plants of all crosses were fully resistant to DC3000 carrying any one of the avirulence genes tested, indicating that the parent lines crossed to the mutant carried A j B Table 2 . Asexual reproduction (measured as number of sporangiophores) by eight isolates of P. tMaximum of 20 cotyledons were counted; n, no. of seedlings inoculated. lThe t value is pooled; df, degrees of freedom; P, probability value.
functional wild-type alleles of NDRI and that the ndrl-l allele was recessive to the wild-type allele(s). The F1 progeny from the Bla-2 x ndrl-l cross were resistant to DC3000(avrB) and DC3000(avrRpml), demonstrating the lack of alterations at the RPS3/RPMI locus of the ndrl-l parent. F2 progeny from this cross were pipet-inoculated with DC3000 expressing avrB, avrRpml, or avrRpt2. In all cases, F2 plants which were susceptible to DC3000(avrRpt2) were also susceptible to DC3000(avrB) or DC3000(avrRpml), indicating that a single locus was responsible for the phenotype. Progeny from the ndrl-l X Ler-O cross were used to genetically map ndrl-l, because of the large number of markers available which detect polymorphisms in Col-O and Ler-0. Initial mapping was done by using the CAPS mapping technique (25) on 54 susceptible F2 plants. ndrl-l was located on chromosome III, linked to CAPS marker gll by =18 cM. Seventy-seven F3 families that had been scored for their resistance phenotype were then used to map ndrl-l relative to RFLP markers in the area surrounding gll. ndrl-l was found to be -2.0 cM from marker g6220 and -6.5 cM from marker g4711.
DISCUSSION
We have used a genetic approach to dissect the molecular pathways leading to disease resistance in A. thaliana. We have identified a mutant (ndrl-l) of the accession Col-0 which is altered in resistance to both a bacterial and a fungal pathogen in a non-race-specific manner. The ndrl-l mutation suggests that a common step exists in pathways of resistance not only to different isolates within a pathogen species but also to species from entirely different phylogenetic kingdoms, including both a eukaryote and a prokaryote. Resistance to the pathogens Psg and P. parasitica race P-006, for which A. thaliana is not a host, is not altered, suggesting that NDRJ is not required for non-host resistance to these pathogens.
There are several possible ways that NDR1 might be involved in disease resistance. We observed by RNA blot analysis that accumulation of RPS2 transcripts was not altered in ndrl-l plants compared with wild type (data not shown), suggesting that NDR1 is not required for expression of race-specific resistance genes. We propose that NDRI is required in a common signal transduction pathway downstream of the initial recognition of an avirulent pathogen. It is possible that the putative gene product of NDRJ interacts directly with RPS2 and/or other resistance gene products in the same family, or with other components in a signal transduction pathway downstream of the race-specific resistance gene products.
Additionally, NDRJ may be involved in disease resistance pathways requiring salicylic acid. Salicylic acid has been shown to be an important component in systemic acquired resistance (SAR) in plants (37, 38) . Delaney et al. (39) have suggested that salicylate is also required in A. thaliana for race-specific disease resistance. Transgenic Col-0 plants producing salicylate hydroxylase, which degrades salicylic acid, are phenotypically similar to ndrl-l plants with regard to enhanced susceptibility to Pst and P. parasitica strains. However, virulent Pst strains grow to higher levels than an avirulent strain in salicylate hydroxylase-expressing plants, while this is not observed in ndrl-l plants.
When pipet-infiltrated at 2 x 107 cfu/ml, DC3000 carrying avrRpml, avrB, or avrPph3 causes a HR-like collapse of tissue in ndrl-l plants. The necrotic patches caused by these same strains after immersion inoculation may be a less severe manifestation of the HR-like response observed in the HR assay. The HR-like phenotype observed on ndrl-l plants is intriguing because it suggests that a HR can be induced without triggering the steps leading to limitation of pathogen growth. Interestingly, the acd2 (40) and Isd (41) (43) recently reported the identification of an A. thaliana mutant, nprl, which does not express PR genes or develop SAR after treatment with salicylic acid or its analog 2,6-dichloroisonicotinic acid. Pseudomonas syringae pv. maculicola bacteria expressing avrRpt2 inoculated on nprl plants induce a HR, although SAR is not exhibited. Usually, SAR is correlated both with a HR and with PR gene induction (37) . The pad mutants of A. thaliana (44) , which are deficient in production of the phytoalexin camalexin, are not altered in resistance to avirulent Pseudomonas syringae strains based on in planta bacterial growth, but they do allow more growth of the virulent strain. Clearly, a big question remains as to which defenserelated responses are necessary and sufficient for limitation of pathogen growth. That these different defense-related responses can be separated from one another suggests that multiple signal transduction pathways are used. Our work on ndrl-l indicates that some components may be conserved in these pathways. Further analysis of the ndrl-l mutation, identification of other alleles and loci, and cloning of the NDRI gene should provide a better understanding of the components required for disease resistance and elucidate some of the steps involved in the resistance process.
